We report feasibility of continuum generation from <1 cm of nonlinear dispersion-shifted GeO2-doped SiO2-fiber, opening way to development of a compact all-in-one Tm-fiber-laser continuum source for OCT and high-resolution frequency-comb spectroscopy.
The peculiar property of the fiber structures used for the low-energy (<1 nJ) SC generation is a strong contribution of the holey structure (for PCFs) or of the air (or of the liquid) surrounding to the fiber dispersion. As a result, the zero-dispersion wavelength (ZDW) is shifted into the visible region. This allows realizing the crucial for the SC generation requirement: the pump pulse has to propagate in the spectral range, where the group-velocity dispersion (GVD) is anomalous and small (i.e. in the vicinity of ZDW). In the optimized fiber structure, the ZDW can be varied over a very broad spectral range during fabrication. Nevertheless, most of the experimental efforts were concentrated so far in the spectral range centered at 800 nm or 1.5 μm, i.e. the operation range of the Ti:sapphire or Er-fiber lasers. At the same time, certain applications motivate developing the spectral continuum sources at longer wavelengths above 2 μm. Those are: 1) differential absorption optical coherence tomography, which benefits from the broadband sources, covering simultaneously both the water absorption and water free spectral regions (this is, e.g., the case for 2 -2.5 μm ranges); 3) free-space telecommunications and remote-sensing in the eye-safe region beyond 1.5 μm, and finally 4) maybe most interesting is the spectral comb generation in the region of molecular vibrations around 2.4 μm.
Recently a lot of attention has been devoted to the study of new infrared fiber laser materials for continuum generation in the infrared. Supercontinuum reaching out to 4.3 μm [1] and 6 μm [2] has been demonstrated in fluoride fiber, and up to 4.8 μm has been demonstrated in tellurite fiber [3] . In all these cases however, the fraction of power converted from the near-IR pump wavelength, to the mid-IR has been low, not least due to the long propagation distances inside the fiber, relatively high losses of these materials and limited coupling into PCF structure. Therefore, finding an alternative way to broaden pulses around 2 μm using only short pieces of dispersion managed nonlinear fiber would be a very attractive, albeit a challenging aim.
In the present study we investigate possibility of using a new nonlinear dispersion shifted germanate fiber with a core having 55GeO 2 -45SiO 2 composition [4] for continuum generation using ultrashort pulses either at 1.85 μm from Tm-fiber laser or at 2.45 μm from Cr:ZnSe laser. The predicted short (sub-cm) lengths of the fiber, which are optimal for continuum generation and have reduced absorption losses, would allow development of a compact allin-one fiber laser continuum source for optical coherence tomography and gas sensing applications.
Results and discussion
In our model we assumed that GeO 2 -doped core inside the SiO 2 is cylindrically symmetric, with the dependence of the GeO 2 -fraction on radial coordinate shown by the inset in Fig. 1 . The contribution of dopant to the fiber refractive index is computed using the Sellmeier equations [5] . The mode structure is then analyzed in the framework of fully-
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FThE10.pdf vectorial model [6] , resulting in the group-delay dispersion (GDD) curves shown on Fig. 1 corresponding to the dopant profiles presented in the inset. One can see that the core compression results in a red-shift of ZDW so that the wavelength ranges of both Tm-fiber and Cr:ZnSe solid-state lasers become suitable for the SC generation. The obtained GDD curves as well as values of the effective mode area are used for continuum simulation on basis of the scalar generalized nonlinear Schrödinger equation [7] with the dopant-dependent n 2 from Ref. [8] . Fig. 2 shows the SC generation simulation with a modelocked Tm-fiber laser source. The simulations demonstrate existence of the optimal propagation length, which provides a maximum spectral width without further fragmentation of SC [9] . The spectra in Fig. 2 correspond to these optimal lengths as marked on Figure. The a, b, c, and d-rows in Fig. 2 provide results for the respective GDD curves in Fig. 1 . The left and right columns in Fig. 2 correspond to the 300 fs input pulses with the energies of 10 nJ and 300 nJ, respectively. SC-spectra at the optimal propagation lengths (inscribed) for the 300-fs pulses from a Tm-laser with 10 nJ (left column) and 300 nJ (right column) energies. The rows correspond to the GDD-curves in Fig. 1 . The launching efficiency is assumed at 80%.
One can see that the broadest spectrum (left Fig. 1, a) is obtained from the shortest fiber with the ZDW located in the vicinity of the central wavelength of the input pulse at 1.85 μm (curve a in Fig. 1 ). The shift of ZDW further into mid-IR decreases the spectral width and requires longer fiber. Nevertheless, the SC becomes smoother because the normal GDD depends on wavelength more smoothly (Fig. 1) . The use of amplified pulses (right column) provides substantial extra-broadening in mid-IR for sub-cm propagation lengths. The smoother spectrum in mid-IR corresponds to the anomalous GDD (Fig. 1) , where the soliton contribution is significant. Fig. 3 shows the modeled SC spectra assuming pump source to be a Cr:ZnSe oscillator with the pulses of 80 fs duration and 1.5 nJ energy at 2.45 μm [10] . As a result of comparatively small energy, the SC spectra are narrower and require longer fiber. Nevertheless, it is clear that the extra-broadening can be achieved for the fibers with ZDW located in the vicinity of central wavelength (black curve in Fig. 3 ).
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FThE10.pdf λ, μm Fig. 3 . SC-spectra at the optimal propagation length (inscribed) for the 1.5 nJ 80-fs pulses from a Cr:ZnSe-laser. The gray and black curves correspond to the a and b GDD-curves in Fig. 1, respectively. 
Conclusion
We report a new nonlinear fiber material based on nonlinear dispersion shifted germanate fiber for continuum generation. Numerical modeling demonstrates feasibility of this fiber with a core having 55GeO 2 -45SiO 2 composition for continuum generation. In our modeling experiments we use ultrashort pulses either at 1.85 μm from Tm-fiber laser or at 2.45 μm from Cr:ZnSe laser, and optimize the fiber design and dispersion behaviour for easy continuum generation. In both cases substantial broadening of the spectra have shown to be possible at rather low energy thresholds (less than 10 nJ for the over-cm propagation lengths) and short (down to sub-cm for the amplified pulses) lengths of the fiber.
The predicted short (sub-cm) lengths of the fiber, which are optimal for continuum generation and have reduced absorption losses, would allow development of a compact and cost-effective all-in-one fiber laser continuum source for optical coherence tomography and high-resolution frequency comb spectroscopy in the very interesting midinfrared wavelength range of molecular vibrations.
